Reaction of H 2 XN 2 {4,5-bis(2,4,6-triisopropylanilino)-2,7-di-tert-butyl-9,9-dimethylxanthene} with [Lu(CH 2 (3$toluene$LiCl; x ¼ 3). Both 1 and 3 (x ¼ 4) were structurally characterized, and were evaluated as catalysts for intramolecular hydroamination; while 3 showed poor activity, 1 is highly active for both intramolecular hydroamination and more challenging intermolecular hydroamination. Reactions with unsymmetrical alkenes yielded Markovnikov products, and the activity of 1 surpassed that of the previously reported yttrium analogue in the reaction of diphenylacetylene with 4-tert-butylbenzylamine.
Introduction
A variety of rare earth alkyl and amido complexes have demonstrated high activity for alkene and alkyne hydroamination catalysis, typically exceeding that achievable with transition metal catalysts.
1 However, the ease with which hydroamination reactions occur varies greatly as a function of the substrate. In particular, intramolecular hydroamination reactions are much more facile than intermolecular variants, and intramolecular hydroamination reactions are generally more favorable for (a) alkynes vs. alkenes, (b) substrates leading to 5-vs. 6-vs. 7-membered ring formation, (c) 1-aminoalkenes and 1-aminoalkynes di-substituted at the 2-position (ThorpeIngold effect; bulkier phenyl substituents are more effective than methyl substituents), and (d) aminoalkenes without additional alkene substitution (e.g. H 2 NCH 2 CPh 2 CH 2 CR]CHR 0 where R ¼ R 0 ¼ H). [1] [2] [3] [4] [5] Intermolecular reactions with unactivated alkenes are particularly challenging, and only a handful of effective catalysts have been reported for these substrates, including rare earth ansa-cyclopentadienyl complexes (a in Fig. 1 ) developed by Marks et. al., 6, 7 yttrium complexes of both bidentate and tridentate 1,1 0 -binaphthalene-backbone ligands (b and c in Fig. 1 ) reported by Hultzsch, 8, 9 and an yttrium complex of a rigid xanthene-backbone NON-donor pincer ligand (d in Fig. 1 ) reported recently by the Emslie group. 10 For trivalent rare earth catalyzed alkene hydroamination, catalytic activity typically increases in parallel with metal ionic radius. For example, in cyclization reactions with H 2 C] CHCH 2 CMe 2 CH 2 NH 2 , the activity of [Cp {C 6 H 4 (CH 2 NMe 2 )-o}] (c in Fig. 1 ; R ¼ SiPh 3 , R 0 ¼ Me) increased in the order (a) Lu < Sm < La, 11, 12 (b) Lu < Sm < Nd, 13 and (c) Sc < Lu < Y, 9 respectively. Similarly, with E-PhHC]CHCH 2 CPh 2 -CH 2 NH 2 as the substrate, the activity of [{(Ind)(CH 2 ) 2 N(o-C 6 H 10 ) NMe 2 }Ln{N(SiMe 3 ) 2 }] (Ind ¼ 1-indenyl) increased in the order Sc < Lu < Y < Sm, 14 and for H 2 Fig. 1 
showed comparable activity, while the lanthanum analogue was nearly inactive.
19-29
As noted above, we previously described the synthesis and hydroamination activity of [(XN 2 )Y(CH 2 SiMe 3 )(THF)] (XN 2 ¼ 4,5-bis(2,4,6-triisopropylanilido)-2,7-di-tert-butyl-9,9-dimethylxanthene; d in Fig. 1 ), 10 and in this work we report the synthesis of lutetium and lanthanum XN 2 complexes. These complexes were targeted in order to probe the effectiveness of the rigid XN 2 pincer ligand to support robust alkyl derivatives of smaller and larger rare earth elements, and to assess the activity of the complexes for alkene and alkyne hydroamination. 10 whereas 1 required 2.75 h and 48 h respectively. Nevertheless, the ability of 1 and the yttrium analogue to catalyze these more challenging intramolecular hydroamination reactions at room temperature stands these catalysts apart from most others.
Results and discussion

10
Compound 1 also catalyzed intermolecular hydroamination with 4-tert-butylaniline, 4-tert-butylbenzylamine and octylamine in combination with 1-octene and diphenylacetylene, and in all reactions with 1-octene, the Markovnikov product was formed selectively. These reactions were performed in toluene at 110 C and the degree of conversion was determined by GC-MS (Table  2 ). Over a 24 h time period, the reaction of 1-octene with octylamine (entry 3) resulted in a turnover frequency (N t ) of 0.41 h À1 , which is greater than that obtained for the reaction with 4-tert-butylbenzylamine (entry 2, 0.35 h À1 ), which in turn is signicantly greater than that obtained for the reaction with 4-tert-butylaniline (entry 1, 0.04 h À1 ). These results are consistent with the increased donor ability and reduced steric bulk of the former amines. The same trend was previously observed for [(XN 2 )Y(CH 2 SiMe 3 )(THF)], 10 and the ability of 1 to catalyze intermolecular hydroamination of 1-octene (an unactivated alkene) places it in a select group of catalysts with this capability (vide supra). The intermolecular hydroamination activity of 1 closely mirrors that of the yttrium analogue, although for entries 2 and 5 in Table 2 , compound 1 afforded lower and higher activities, respectively (N t ¼ 0.35 vs. 0.40 and 0.42 vs. 0.33). The intermolecular reactions with the largest conversions aer 24 h at 110 C (10 mol% catalyst) were those utilizing diphenylacetylene (entries 4-6), as the amounts of unreacted 4-tert-butylaniline, 4-tert-butylbenzylamine and octylamine were below the detection limit of the GC instrument. In order to further explore the effectiveness of the XN 2 ligand for rare earth coordination, and the impact of metal ionic radius on hydroamination activity, the synthesis of lanthanum XN 2 complexes was undertaken. As the lanthanum trialkyl compound, [La(CH 2 SiMe 3 ) 3 (THF) x ] is not readily accessible, salt metathesis was employed for ligand attachment in the place of alkane elimination. Stirring H 2 XN 2 with excess KH in DME at 24 C produced the dipotassium salt of the 4,5-bis(2,4,6-triiso- 24 C and both resulted in the formation of a dialkyl-'ate' complex, based on the integrations of the respective alkyl peaks, regardless of whether one equivalent (per La) or an excess of the alkali metal-alkyl reagent was added. The reaction utilizing trimethylsilylmethyl lithium was pursued (Fig. 3 ).
In the solid state, lanthanum is 5-coordinate with the two amido donors and two alkyl groups arranged in a distorted tetrahedron around the metal center. The largest angle in this approximate tetrahedron is the N (1) The La-N distances of 2.462 (5) 
conversion.
37 Complex 3$toluene$LiCl, (x ¼ 3) was tested as a catalyst for intramolecular hydroamination with 1-amino-2,2-diphenyl-4-pentene in d 8 
Summary and conclusion
The rigid NON-donor pincer ligand, XN 2 , has been employed for the synthesis of a lutetium monoalkyl complex (1), a lanthanum chloride complex (2) and a lanthanum dialkyl-'ate' complex (3). Complex 3 was tested as a catalyst for intramolecular hydroamination, but showed low activity. By contrast, the neutral lutetium alkyl complex, 1, is highly active for both intra-and inter-molecular hydroamination with a variety of substrates. For intramolecular alkene hydroamination, the time required to reach >99% completion was slightly increased compared to the previously reported yttrium analogue. By contrast, the intermolecular hydroamination reaction between 4-tert-butylbenzylamine and diphenylacetylene afforded a higher turnover number than the yttrium analogue.
Experimental
General details
An argon-lled MBraun UNIlab glove box equipped with a À30 C freezer was employed for the manipulation and storage of all air-sensitive compounds, and reactions were performed on a double manifold high vacuum line using standard techniques. 40 Residual oxygen and moisture was removed from the argon stream by passage through an Oxisorb-W scrubber from Matheson Gas Products. A Fisher Scientic Ultrasonic FS-30 bath was used to sonicate reaction mixtures where indicated. A VWR Clinical 200 Large Capacity Centrifuge (with 28 xed-angle rotors that hold 12 Â 15 mL or 6 Â 50 mL tubes) in combination with 15 mL Kimble Chase glass centrifuge tubes was used when required (inside the glovebox). Diethyl ether, THF, toluene, benzene and hexanes were initially dried and distilled at atmospheric pressure from Na/Ph 2 CO. Hexamethyldisiloxane (O(SiMe 3 ) 2 ) was dried and distilled at atmospheric pressure from Na. Unless otherwise noted, all proteo solvents were stored over an appropriate drying agent (pentane, hexanes, hexamethyldisiloxane (O(TMS) 2 3 ] were obtained by reuxing the anhydrous lutetium/lanthanum trihalide in THF for 24 h followed by removal of the solvent in vacuo. 4-tert-Butyl-aniline, 4-tertbutylbenzylamine, n-octylamine and 1-octene were purchased from Sigma-Aldrich, dried over molecular sieves and distilled prior to use. Argon (99.999% purity) and ethylene (99.999% purity) were purchased from Praxair.
Combustion elemental analyses were performed both at McMaster University on a Thermo EA1112 CHNS/O analyzer and by Midwest Microlab, LLC, Indianapolis, IN, USA. NMR spectroscopy ( toluene, placed in a Teon-valved J-young NMR tube and then placed into a preheated oil bath at 110 C. Aer heating for the designated amount of time, NMR spectra were obtained and the sample was submitted for analysis by GC-MS.
